The mechanical and electronic properties of transition metal dichalcogenide (TMD) monolayers corresponding to transition groups IV, VI, and X are explored under mechanical bending from first principles calculations using the strongly constrained and appropriately normed (SCAN) meta-GGA (MGGA). SCAN provides an accurate description of the phase stability of the TMD monolayers. Our calculated lattice parameters and other structure parameters agree well with experiment. We find that bending stiffness (or flexural rigidity) increases as the transition metal group goes from IV to X to VI, with the exception of PdTe 2 . Variation in mechanical properties (local strain, physical thickness) and electronic properties (local charge density, band structure) with bending curvature is discussed. The local strain profile of these TMD monolayers under mechanical bending is highly non-uniform. The mechanical bending tunes not only the thickness of the TMD monolayers, but also the local charge distribution as well as the band structures, adding more functionalization options to these materials. 1 arXiv:1904.05445v3 [cond-mat.mtrl-sci]
I. INTRODUCTION
Layered transition metal dichalcogenides (TMD) offer a wide variety of physical and chemical properties from metal to insulator [1] [2] [3] and are extensively studied [4] [5] [6] [7] . An increasing interest and recent progress towards these materials led to a variety of improved applications such as sensors, energy storage, photonics, optoelectronics, and spintronics [8] [9] [10] . In particular, atomically thin monolayer TMDs have attracted most of the attention due to the unique mechanical and electronic properties related to their high flexibility [11] [12] [13] . A large scope of flexible electronics has been realized via applications such as flexible displays [14] [15] [16] [17] , wearable sensors [18] [19] [20] , and electronic skins [21] [22] [23] . Each TMD (TX 2 ) monolayer consisting of 3 atomic layers (X-T-X stacking) can undergo bending deformation, possessing higher flexural rigidity than graphene (D M oS 2 ∼ 7-8 D Graphene [24] ). The bending behavior (curvature effect) of 2D TMD monolayers, especially of MoS 2 , has been studied both theoretically [25, 26] and experimentally [12, 27] . For 2D materials such as MoS 2 , the bending can induce localization or delocalization in the electronic charge distribution.
This change in the charge distribution results in changes in electronic properties such as the Fermi level, effective mass, and band gap [28] . However, the bending behavior of other TMD monolayers is largely unexplored at least from first-principles. Quantitatively, the resistance of a material against bending is characterized by the bending stiffness. The bending stiffness or flexural rigidity of the TMD monolayers can be estimated using first-principles as in Refs. 25, 29 , and 30. Most of the earlier studies used nanotubes of different radii created by rolling an infinitely extended sheet to estimate the bending stiffness of 2D monolayers [29] [30] [31] . However, such a scheme has several limitations. (1) It does not mimic the edges present in the monolayer. ( 2) The nanoribbons unfolded from differently sized nanotubes have different widths which contribute to different quantum confinement effects along with the curvature effect. By utilizing the bending scheme similar to the bending of a thin plate, we restore the edges as well as fix the width of the nanoribbon, thereby eliminating the quantum confinement effect resulting from difference in width between various configurations of nanoribbons from flat to bent ones. However, the edge effects due to their finite width may not be completely eliminated.
Here we report a comprehensive first-principles study of the structural, mechanical, and electronic properties of flat and bent monolayer TMD compounds, i.e., TX 2 (T = transition metal, X = chalcogen atom). As in Ref. 1 We first investigate the relative stability of a monolayer in three different phases (1H, 1T, 1T ). The mechanical and electronic properties have been studied only for those most stable phases. The organization of the rest of the paper is as follows. The computational details are presented in Sec. II. Section III presents our results, followed by some discussion and conclusions in Sec. IV.
II. COMPUTATIONAL DETAILS
The ground state calculations were performed using the Vienna ab initio simulation package (VASP) [32] with projected augmented wave (PAW) [33] pseudo-potentials (PS) [34] as implemented in the VASP code [35] , modified to include the kinetic energy density required for meta-GGA (MGGA) calculations. We used pseudo-potentials recommended in VASP for all elements except for tungsten (W), where we used a pseudopotential such that the valence electron configuration includes 6s 1 5d 5 electrons. The exchange-correlation energy was approximated using the strongly constrained and appropriately normed (SCAN) MGGA [36] . It can describe an intermediate range of dispersion via the kinetic energy density and is proven to deliver sufficiently accurate ground state properties for diversely bonded systems [37] [38] [39] [40] , as compared to local density approximation (LDA) and the generalized gradient approximation (GGA) of Perdew, Burke, and Ernzerhof (PBE). The unit-cell calculations for all pristine TMD monolayers were carried out using a rectangular supercell consisting of two MX 2 -units with three different configurations 1H, 1T, and 1T -WTe 2 to determine the most stable ground state. We used the energy cutoff of 550 eV and 24 × 16 × 1 and 16 × 24 × 1 Gamma-centered Monkhorst-Pack k-meshes [41] to sample the Brillouin zone. Periodic boundary conditions were applied along the in-plane direction, while a vacuum of about 20Å
was inserted along the out-of-plane direction. The geometry optimization of the mono-layer eV respectively. To estimate the bending stiffness, we relaxed our nano-ribbons having a width of 3-4 nm (Supplementary Table S1 ) with forces less than 0.01 eV/Å, using an energy cutoff of 450 eV. The Brillouin zone was sampled using Gamma-centered Monkhorst-Pack k-meshes of 8 × 1 × 1 and 1 × 8 × 1.
To estimate the in-plane stiffness, we applied strain along one direction (say the xdirection) and relaxed the system along the lateral direction (i.e., the y-direction) or vice versa (See Figure 1 ). An in-plane stiffness then can be estimated using is the linear strain, and A 0 is an equilibrium area of an unstrained supercell. We also applied a 5% axial strain and relaxed the rectangular supercell in the transverse direction to estimate the lateral strain and hence found the Poisson's ratio. We first relaxed the flat ribbon using various edge schemes. The choices of edges are mainly due to either relaxation of the flat nanoribbon or to satisfy the condition, areal bending energy density u(κ) =
→ 0 as the bending curvature κ = 1 radius of curvature (R) → 0 (Figure 2 (IV) ). We have taken stoichiometric (n(X):n(T)= 2:1) nano-ribbons (Supporting Figure S4) for most of the calculations in which TiTe 2 , MoTe 2 -1T , and WX 2 (X = S, Se, or Te) were stabilized using hydrogen passivated edges whereas others were relaxed without hydrogen passivation. We also relaxed TiSe 2 , HfS 2 , PdTe 2 , and PtSe 2 nano-ribbons in symmetric configuration (Figure 2 II) . Finally, the bent structures of different bending curvatures were created by relaxing the ribbons along the infinite length direction, while keeping the transition atoms fixed at the opposite end, and applying strain along the width direction. A 20Å of vacuum was introduced along the y-and z-direction to eliminate an interaction between the system and its image (Supplementary Figure S4) . The areal bending energy density (u(κ)) vs bending curvature (κ) curve were fitted with a cubic polynomial to capture the non-linear behavior (Figure 2 (IV)). The quadratic coefficient of the cubic fitting was utilized to estimate the bending stiffness,
III. RESULTS
A. Relative Stability
Experimentally, it is largely known which phase is preferred in the bulk layer structure.
However, the relative stability of their monolayer structures remained elusive. We have performed relative stability analysis of monolayer TX 2 among 3 different phases, namely Figure S4) ; bent sample of 1T nano-ribbon; (III) a schematic bending of a thin plate. d0, d, and R are the length of a thin plate before bending, length after bending, and radius of curvature respectively. N is the neutral surface denoted by a dashed line. t tot , t up , and t dn are the physical thicknesses of the bent nano-ribbon, assuming that the middle layer coincides with the neutral surface (N); (IV) areal bending energy density vs bending curvature curve to estimate the bending stiffness. E bent , E f lat , and A are the total energy of bent nanoribbon, total energy of flat nanoribbon, and cross-sectional area of flat nanoribbon (length * width) respectively.
find a distorted phase (1T ) for these TMD monolayers. In addition to the 1H and 1T phases. SCAN correctly predicts the ground state for these compounds. Also, MoTe 2 seems to be iso-energetic between 1H
and 1T -WTe 2 phases.
B. Structural properties
Comparison has been made for the estimated in-plane lattice constant of monolayers with the experimental bulk results in Figure 4 . The lattice constants are in good agreement with the experimental results with a mean absolute error (MAE) and a mean absolute percentage error (MAPE) of 0.03Å and 0.7% respectively. The results for the structural parameters related to the monolayer bulk are in good agreement with reference values [8] .
The structural parameters related to the lattice constant such as d T −X , d X−X , and θ X−T −X increase from S to Se to Te. The decreasing cohesive energies from S to Se to Te make them more loosely bound, thereby increasing the lattice parameters. The primary focus of this study is to understand the response of the TMD monolayers to mechanical bending. We have calculated the bending stiffness and studied the change in various physical and electronic properties due to bending. Since previous studies [27, 28] showed that the bending stiffness is independent of the type of the armchair or zigzag edges (chiral), we only utilized armchair-edge nanoribbons for the 1H structures. The bending stiffness of 20 TMDs are compared and tabulated in Table I . Unlike the in-plane stiffness, the overall bending stiffness increases from S to Se to Te (Table I) We utilized
and
to estimate the effective thickness as well as the 3D Young's modulus. An effective thickness is the combination of d X−X distance and the total effective decay length of electron density into the vacuum. Experimentally, it is difficult to define the total effective decay length of the electronic charge distribution. Therefore, it is a common practice to take a range from the d X−X distance to the inter layer metal-metal distance within the bulk structure as the effective thickness, which gives the range for both in-plane stiffness and bending stiffness [12, 27] . Using equation 3, one can estimate a reasonable value for the effective thickness for a wide range of TMDs. However, the computed effective thicknesses t ef f of certain TX 2 (T=Ti, Zr, Hf; X=S, Se) are less than their d X−X distance ( Figure 1 ), which means that bending is much easier than stretching. Similar underestimation was found for the effective thickness of a carbon monolayer estimated by various methods [46] [47] [48] [49] . Utilizing eq. (3),
Yakobson et al. [46] , Wang [47] , and Yu et al. [28] estimated the effective thickness of the carbon monolayer to be around 0.7-0.9Å, which is much less than 3.4Å, the normal spacing Figure S1 . The inner layer gets contracted while the outer layer gets expanded, and this is consistent with the elastic theory of bending of a thin plate [50] . The expansion of the outer layer is close to the contraction of the inner layer for 1T
compounds, while the expansion dominates the contraction in the case of 1H compounds (Supplementary Figure S1 ). The middle metal layer is expanded up to 2% in the case of 1T while it is 5-10% for 1H, indicating that the middle layer is closer to the neutral axis for 1T than that of the 1H compounds. For 1T compounds (MoTe 2 and WTe 2 ), the outer layer is expanded more as compared to the contraction of the inner layer with a distortion represented by the zigzag structure in the strain profile (Supplementary Figure S1 ).
To study the effect of bending on the local strain profiles, we compare the local strain profiles of the PtS 2 nano-ribbon projected on y-z plane, as shown in Figure 5 . The inner layer is contracted while the outer layer gets expanded. This effect increases upon increasing the bending curvature. For PtS 2 , the middle layer is expanded within 2-3%, while the expansion is 16-20% for the inner and the outer layer. Such large local strain can induce a highly non-uniform local potential and hence affect the charge distribution. Both lattice expansion in the outer layer and the lattice contraction in the inner layer could be applicable in tuning adsorption (binding distance and energy) of the 2D materials, similar to the linear strain modulated adsorption properties of various semiconducting or metallic surfaces [51] [52] [53] . The tensile strain strengthens the hydrogen adsorption in TMD surfaces, while a compressive strain weakens it [52] . By utilizing both the concave (compressive strain) and convex (tensile strain) surfaces of a bent monolayers, one can tune the Gibb's free energy of hydrogen adsorption to zero when it is respectively more negative and more positive. 
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II. Physical thickness
The behavior of different layers within the TMD nano-ribbon under mechanical bending can be understood by looking at the variation of the physical thickness (t tot , defined later in this section and shown in Figure 6 ) with respect to bending curvature. Moreover, tuning of the physical thickness can be particularly useful in nano-electronic applications due to an enhancement of the electron confinement in 2D materials with an out-of-plane compression [54, 55] . A percentage change in the thickness (t tot , t up , or t dn ) at the middle of various bent nano-ribbons with respect to the unbent ones is presented in Supplementary Figure S2 . t tot represents an outer-inner chalcogen atom layer thickness at the vertex of a bent ribbon, while t up and t dn correspond to outer-middle and middle-inner layers respectively. We fitted a 6 th order polynomial to each layer of the bent nanoribbon to estimate the thickness (Supplementary Figure S3 ). The thickness measured between outer and inner chalcogen layers is described by t tot (t up + t dn , blue) while t up (red) and t dn (green) are measured between the outer-to-middle and middle-to-inner layers respectively (see Figure 6 ). When a thin plate is t up (red) and t dn (green) are measured between outer-middle and middle-inner layers respectively (see Figure 2 (III)).
bent, it undergoes both compression (z' to N, t dn ) and expansion (N to z'+h, t up ) with "N" being the neutral surface [50] (see figure 2 (III)). As the middle layer does not mimic the neutral surface (N), t up and t dn do not respectively increase and decrease with the bending curvature. For most of the compounds, t up decreases on increasing the bending curvature. value is not shown for WX 2 as it possesses multiple local maxima.
II. Band structure
The band structure plots of group IV, VI, and X TMDs with respect to vacuum with various bending curvatures are shown in Supplementary Figures S6, S7 , and S8 respectively.
The dashed lines in the band structure plots indicate the SCAN estimated Fermi energy with respect to vacuum ("-ve" of the work function) while the red bands correspond to in-gap Metal-chalcogen and chalcogen-chalcogen distance, d T −X and d X−X respectively (See Fig 1) ; X-T-X angle, θ X−T −X ; compounds. An effect of the mechanical bending on the band-gap is of particular interest for semiconductors, due to a wide range of applications in nano-electronics. One each from the 1T and the 1H group, respectively ZrS 2 and MoS 2 , are chosen to study the effect of bending on the band structure as shown in Figure 8 . Table S1 ), which shifts the bands above and below the Fermi level even further up and below respectively [28] .
However, it is known that such correction for localized states (in the case of point defects)
is less considerable than that for the delocalized bulk states [58] . while there is an appreciable increase in the case of TS 2 .
(b) Charge localization and Conductivity
In this section, we describe the effect of bending on band edges in terms of localization or delocalization of the charge carriers at those band edges. The variation of an isosurface of the partial charge (electrons or holes) density with respect to bending curvature are presented in Figures 9 and 10 . Using the mechanical bending, one can tune the conductivity of TMD monolayers [28] . Before bending, the charge carriers (holes) of ZrS 2 at VB2 are delocalized over the whole ribbon width, decreasing in magnitude from S-edge to Zr-edge. The mechanical bending localizes the charges towards the S-edge while depleting along the Zr-edge, reducing the conductivity from one edge to the other. On the other hand, the charge density on top of VB1 does not change much with the bending for lower bending curvatures. However, at κ = 0.09Å −1 some charges accumulate at the Zr-edge, thereby changing the trend of band energy with respect to vacuum (see Figure 8 ). Unlike ZrS 2 , the charge carriers (holes) of MoS 2 at VB2 are delocalized over the whole width, decrease in magnitude from the center of the ribbon to either side of edges symmetrically.
With bending, the charge carriers localize at the middle of the ribbon and deplete at the edges, reducing the conductivity due to holes from one edge to the other [28] . At a higher bending curvature beyond κ > 0.065Å −1 , edge state VB1 crosses the bulk-VB and becomes VB2 and vice versa. Similar to VB1, CB1 also has the same behavior before and after bending, except it does not cross the CB2. Instead, it is also shifted down as VB1 does.
Conversely, the charge carriers (electrons) of ZrS 2 at the CBM (CB2) decrease in magnitude from Zr-edge to the S-edge. Again, mechanical bending localizes the electrons towards the Zr-edge. On the other hand, the electronic conductivity does not change even for larger bending curvature for MoS 2 . The electrons are delocalized uniformly over the whole ribbon width which remains unaffected for a wide range of bending curvature. The conductivity of a semiconductor is the sum of conductivity of both electrons and holes. The mechanical bending reduces both types of conductivity in 1T semiconductors, while it only reduces hole-type conductivity in 1H semiconductors. 
G. Stability of nano-ribbons and finite width effect
Based on our calculation, we have found that the stability of the flat nano-ribbons also depends on the type of edge. We have taken stoichiometric (n(X):n(T)= 2:1) nano-ribbons (Supplementary Figure S4) for most of the calculations. However, we could not relax TiSe 2 , HfS 2 , PdTe 2 , and PtSe 2 nano-ribbons in this configuration. We confirm that the instability of these flat ribbons cannot be removed simply by increasing the width of the ribbon. We inside the circle, creating a sudden jump, as shown in an areal bending energy density vs curvature plot (See Figure 11 (III) ).
We utilized the thin plate bending model in our assessment in which we fix the width between flat and bent nanoribbons. It eliminates the quantum confinement effect present in the nanotube method due to dissimilarity of the width between flat and bent nanoribbons of the different radii of curvatures. However, the edge effects due to the finite width may remain uneliminated. Rafael I. González et al. [60] , using classical molecular dynamics simulation, reported that the bending stiffness of MoS 2 estimated with a 0.95 nm width nanoribbon is only 46% of those estimated using a 8 nm width nanoribbon. But, it recovers 88-93% of bending stiffness when the width increases up to 3-4 nm, leaving the overall trend unaffected. We believe that such an accuracy would be a reasonable tradeoff to the computational complexity that arises while using a larger width. Moreover, we expect that the finite size effect would be less present in our results than in those calculated from MD simulation, as the quantum effects are more properly treated. Figure   S1 ), which is almost impossible with a linear strain ( ). The high out-of-plane compressive strain developed within the layers due to bending reduces the mechanical thickness and makes the materials thinner in the curvature region. Moreover, one can remove strong Fermi-level pinning while using it in contact-engineering. Besides that, the optimal band alignment with the HER redox potential can be achieved for 1T semiconductors ZrS 2 and HfS 2 under mechanical bending, which are not present in an unbent monolayer. Furthermore, both electron and hole conductivities are affected in 1T semiconductors, while only the hole conductivity is affected in 1H semiconductors [28] . Similar to graphene [46] [47] [48] [49] , the estimated effective thickness of group IV TMDs, especially sulfide and selenide, is underestimated as compared to chalcogen-chalcogen distance (d X−X ), which is quite puzzling and needs further investigation.
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